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Abstract — Flash floods are considered one of the worst weather-related natural disasters. Flash floods are dangerous 
because they are sudden and highly unpredictable. Identification of the locations of high-risk areas has a major effect on the 
improvement of flash flood disaster control and prevention. Earlier work conducted on flood disaster risk zonation was 
commonly based on Digital Elevation Mode (DEM) data and statistical yearbook data and used an index, such as rainfall, 
topography, slope, or river distribution, with the analytic hierarchy process (AHP) method to determine the weighting. In this 
method, the final regional risk map was created by using ArcGIS map algebra superposition. In the present study, an 
improved gray clustering method is put forward to improve the comprehensive evaluation of the risk of mountain flash flood 
disasters by constructing the exponential whitening function and by using the information entropy weight method, which 
produces results that are more accurate and more reliable than those of the traditional method. This improved method can 
make full use of the limited information available, improving not only the resolution but also the influence of the subjective 
method, and produces more objective and accurate evaluation results. We obtain the risk degree by combining the 
information entropy weight and improved whitening function approaches in a gray clustering methodology. Additionally, a 
method is applied to develop models for mapping the risk grade in zones of 1436 towns and counties in Hubei Province with 
remotely sensed (RS) data and the ArcGIS platform. The results show that the improved approach is useful for rapidly 
assessing flash flood hazard and vulnerability and for completing risk assessments in mountain areas. 

Keywords — improved gray clustering method, whitening function, information entropy, flood disaster risk, evaluation, 
zonation. 

I. Introduction 

Flash flooding is one of the major natural disasters that may hamper human development in flash flood areas. A mountain 
flash flood disaster is one of the most serious natural disasters. Mountain flash flood disasters occur suddenly, are 
considerably destructive, have short durations and cause serious harmed in the form of many casualties and considerable 
property loss. China is one of the countries that seriously suffer from mountain flash floods. Jonkman (2005) studied flash 
flood data from 1975 to 2002 and found that flash flood mortality is higher than that for other natural hazards. The potential 
for flash flood casualties and damages is also increasing in many regions due to the social and economic development which 
imply pressure on land use. Consequently, the flash flood hazard is expected to increase in frequency and severity because of 
the impacts of global change on climate, severe weather in the form of heavy rains and river discharge conditions. Therefore, 
the management of flash flood risks is a critical component of public safety and quality of life. 

As one of the important and fundamental steps in flood regionalization, flood risk evaluation has general public concern. 
Many achievements in flood risk assessment research have been realized. Currently, the main methods of evaluating and 
locating flood disaster risk include geomorphologic methods (Haruyama et al. 1996), hydrology-hydraulic models, system 
simulation methods (Solaimani et al. 2005; Elawad et al. 2004; Smemoe et al. 2004),methods based on historical disaster 
data(Liu and Shi 2001;Huang et.al) and ancient flood data(Bonito et al. 1998; Bonito et al. 2003; Bonito et al. 2004), 
methods based on remote sensing and GIS (Sanyal and Lu 2006), and machine system analysis methods (Tang and Zhu 
2005 ;Li et al. 2005). However, fairly few research papers have focused on mountain flash flood zonation. Even rarer are 
integrated analyses of flood risk that comprehensively consider flood formation mechanisms, climate, geomorphology, river 
water systems, and historical flood data. The research conducted in this paper is focused on comprehensive risk assessment 
and zonation, considering the important factors affecting flash floods: precipitation, topography, water system, vegetation, 
GDP, population, cultivated land and flood control capacity. 

In fact, the main characteristics of natural disaster systems are the uncertainty and complexity of the system. Determination 
of the weights of the indicators is a problem because of the wide range of both natural uncertainty and approaches. Some in 
myriad sample can be solved by probability and statistics ways, and some in kenning uncertainty can be dealt with by fuzzy 
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mathematics. However, there also exists another category on uncertainty in less data and little sample, incomplete 
information and devoid of experience, which is suitable to be dealt with only by gray system theory (Deng,2005). In general 
terms, the uncertainty in less data and incomplete information is designated grayness. Thus, systems possessing grayness are 
said to be gray systems. 

The gray theory provides the applications of clustering analysis, relational analysis, predication, and decision for the gray 
system (Deng, 1989). The so-called “gray” means that system information is incomplete, unclear, and uncertain. It is a 
useful method to address the problems of limited, deficient, and no rules available for data processing. Its analysis makes use 
of minor data and does not demand strict statistical procedures and inference rules. Recent studies have emphasized the 
importance of a comprehensive assessment of the flood risk using the gray system method (Liu, 2010). 

To address the problem of nonadjacent domain weighted superposition failure caused by the traditional gray clustering 
whitening function, this paper proposes a whitening function construction method based on exponential distribution, 
avoiding the condition of a zero weighting, and discusses on the steps of flood risk assessment in detail. 

In view of the complexity of the causes and the randomness of the occurring process of the flood disaster, we proposed a 
comprehensive assessment by introducing the concept of information entropy into the improved gray method and 
constructing a typical exponential whitening weight function. Based on the above characteristic, this method can effectively 
solve the zero-weight problem, make full use of the simple data and largely reserve the information implied in the clustering 
weight by modifying the clustering weight with the values reflected by the entropy. Finally, with data from Hubei Province, 
we graded the risk evaluation of 1436 towns in Hubei Province, which verifies the validity and objectivity of the method 
described in the paper. This illustrative example verifies that this method is simple and reasonable and can extend application 
range of the gray clustering in flash flood zonation. 

II. Gray clustering modeling and improvements 

2.1 Traditional gray clustering modeling and limitations 

The concept of gray clustering is based on samples of every object, in accordance with the given indicators by means of the 
whitening function to abstract the actual sample into scales, and objects are sorted into their corresponding gray league to 
synthesize the priorities for selecting an appropriate alternative, which is said to be gray clustering. 

As in the fuzzy approach, in this paper, different ranges of risk assessment are described as very low, low, medium, high, and 
very high by the so-called “whiten-weight function”. The common ones are triangular and trapezoidal functions. The 
trapezoidal functions are usually used and can be represented as 
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number when ^ ~ c . A is a real number when fl_ ^~ c_ ^,as shown in Fig. 1 



Fig. I.Traditional linear whitening function 
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Fig. 1 shows the construction of the whitening function in the traditional gray clustering model. The whitening function is 
piecewise linear, and the whitening function of each rank is non-zero when it is adjacent to the interval the data belongs to, 
meaning that there is a relationship between only two adjacent levels in the coverage of the whitening function, and useful 
information is lost. In addition, the whitening function of the rank that is not adjacent to the level is zero, possibly causing a 
problem of zero weight. 

The shortcoming of existing gray clustering methods is that the range of the linear whitening function is too narrow, 
especially when the distribution of the monitoring value is discrete, causing the loss of useful information. The improved 
gray clustering method makes better use of characteristic information in research data and calculates risk evaluation levels of 
the areas. 


2.2 Improved gray clustering 
2.2.1 Exponential whitening function 

In this paper, we consider the issue that the linear whitening function in a conventional gray clustering model considers the 
relationship between only adjacent levels, and we construct f jk , which can effectively expand the coverage of a whitening 
function and greatly improve the utilization of information, as shown in Fig. 2. 


Let 



Fig. 2. Exponential whitening function 
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The exponential whitening function can effectively overcome the limitation of the linear whitening function in the traditional 
gray clustering method, considering the defects between adjacent grades only, broaden the coverage of the whitening 
function and greatly improve the utilization of the available information. 

2.2.2 Clustering weights based on entropy 

It is essential to analyze the relative importance of each index in the flood risk evaluation index system. In previous research, 
however, flood risk evaluation index systems lacked effective methods to calculate the weights of indexes, making flood risk 
assessment difficult. The most commonly used method to determine index weighting is the analytic hierarchy process (AHP). 
However, the analytic hierarchy process is a highly subjective method that compares the indexes to each other and 
subjectively determines the relative importance by the judgment of individuals. The information entropy method can 
overcome the limitations of the subjective imprecision of the traditional AHP method, use the limited data in the weighting 
process and better reflect the natural conditions in the evaluation results. 

The concept of entropy is derived from thermodynamics, which is used to describe the irreversible phenomena of the 
movement of ions or molecules. Later, entropy was introduced into information theory by Shannon (Shannon, 1948) to 
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measure the uncertainty, stability, and quantity of information in the system. In the actual evaluation or decision-making 
process, the role of the indicators and the amount of information transmitted vary. When the value of an object in a certain 
index is greater, the entropy value is lesser, which shows that more effective information is provided by this index; the 
greater the role of the comprehensive evaluation is, the greater the weight should be, and vice versa. 

Anentropy-based clustering weight can avoid subjective influence, produce more reasonable and objective weights, and 
ensure standardization and accuracy of the flash flood evaluation and zonation. The process of information entropy is as 
follows. 


Suppose the sample set is {d t , c/,,• • •, d m } and every sample has n indicators. The sample indicator matrix is D 
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where A (/ - is the j lh indicator of sample i, i=l,2,...m, and j=l,2,...n. 
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Because the entropy variables range from 0 to 1, we need to address the original sample value.In this paper, the 
normalization method used is as follows: 



For a j-th index in the system, the information entropy is as follows: 


(4) 
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We can define the clustering weights of the j-th index as follows: 

n 

w j ={\-e j ){m-Y j e j ) (6) 

Combined with the entropy weight method, the Eq. to calculate the gray clustering coefficient can be rewritten as follows: 

< 7 > 

where f Jt (d iJ ) is the whitening function of the j -th index and belongs to grade k. 

III. Flash flood risk evaluation Modeling framework 

Based on abovementioned comprehensive method that includes entropy weighting and an exponential whitening function, 
the flash flood risk evaluation methods are conducted in the following steps. First, a reasonable evaluation index system is 
established. Second, the comprehensive weights of different indicators are calculated by the entropy weighting method. 
Finally, gray clustering analysis is carried out with the improved whitening function to achieve reasonable risk evaluations of 
the regions that have potential flash flood risks. 

In this research, flood risk, hazard and vulnerability are determined by the so-called “whiten-weight function” and described 
by the following categories: very low, low, medium, high, and very high. Here, the exponential whitening functions are used, 
which can be represented by Eq. (2). 


Detailed steps are described below. 
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Step 1: We calculate the improved whitenization weight function x (s for the indexes X i (i = 1,2,3, n) belonging to the 
gray cluster d (g —J 2 3 ••• k) ' According to Table 1, whitenization weight functions are defined by boundary 

parameters, as shown in Eq. (2). 

Then, let 
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( 8 ) 


For the data S , its evaluation indexes are X t (l = 1,2,3,.... n) , and the gray evaluation coefficient of the data S belonging 
to the gray clusters d (^_j i ^ ) is recorded as rj s> . Then, 
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The evaluation weight matrix of the data S for different evaluation gray clusters can be determined by combining the gray 
evaluation weight vectors of all indexes of data S : 
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Step 2: We calculate the weight vector of the indicators R with the information entropy method with Eq. (6). 

Step 3: To conduct gray clustering, the comprehensive assessment model of the data S is calculated as 
15 <s) = U R = (b 1 w ,b 2 (,s) ,...,b jt (l) ) (11), or Eq.(7), where U R is the importance weight vector of the indicators. If 
b k = max{bj ( ,b^ ,...,b. (s) } (12), then the data S belongs to the cluster k , and all data classifications are obtained. 


IV. Case study 

4.1 Study area 

Hubei Province is located in the middle reaches of the Yangtze River. Hubei Province has a diverse range of land forms 
including mountains, hills and plains. Mountainous areas account for approximately 55.5% of the total area of the province; 
hillocks, 24.5%; and the plains and lake areas, 20%. The province covers an area of 185,900 knrand has a population of 
58,160 thousand people. The province is surrounded by mountains to the east, west, and north, and the middle area is 
primarily a flat, incomplete basin with a southern opening. The altitude of this area is generally 20-100 meters. The average 
precipitation is 800-1,600 millimeters with significant seasonal differences; most precipitation occurs in summer, and less 
precipitation occurs in winter. In Hubei Province, flash floods were recorded in 15 of the last 100 years. In the 1960s, 1980s 
and 1990s, this area had several flood currents and debris flows, resulting in heavy casualties and property loss. Mountain 
flash floods seriously threaten the safety of the people in mountainous areas across Hubei Province. 

4.2 Data and indexes 

Risk reflects the expected number of deaths and injuries as well as the severity of property damage and economic activity 
disruption due to a particular natural phenomenon, generally defined as the product of the hazard probability and its 
consequences. Risk can be viewed as a function of hazard and vulnerability (Maskrey, 1989). 

Thus, 


RISK=Vulnerability + Hazard 


(13) 
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where vulnerability is the probability of any physical, structural or socioeconomic element to a natural hazard being 
damaged, destroyed or lost. Vulnerability is not static but must be considered as a dynamic process, integrating changes and 
developments that alter and affect the probability of loss and damage of all the exposed elements. 

Hazard is the probability that in a given period in a given area, an extreme potentially damaging natural phenomena occurs 
that induces air, earth or water movements, which affect a given zone. 

Risk is the estimate of the total expected losses for a given area, and specific risk is the expected degree of loss to a given 
category of elements at risk as a function of hazard and vulnerability. Risk can be related directly to the concept of disaster, 
given that it includes the total losses and damages that can be suffered after a natural hazard: dead and injured people, 
damage to property and interruption of activities. Risk implies a future potential condition, a function of the magnitude of the 
natural hazard and of the vulnerability of all the exposed elements in a determined moment. 

From the above risk model in Eq. (13), the factors that affect the flood risk can be classified into the following 2 categories: 
hazard factors and vulnerability factors. 

Although a significant database was generated on hazard and vulnerability parameters of Hubei Province, only 15 of the 
parameters were used by the statistical correlation test, given that we cannot use two indicators that are strongly correlated in 
the same model. 

A. Hazard factors 

Selection of the flood hazard evaluation index is based on the flash flood analysis, considering disaster environment and 
disaster bearing body, combined with the index characteristics and the existing data. He BY (2002) analyzed 4 factors: 
precipitation, topography, river network density and historic flood frequency. Tang C and Zhu J (2005) considered 6 main 
factors: terrain, river network density, rainstorm occurrence, modulus of flood peak, debris flow density and comprehensive 
disaster degree. Jiang WG (2008) selected 7 factors as the hazard evaluation indexes: maximum 3-day rainfall, rainstorm 
frequency, vegetation coverage, rivernet density, standard deviation of the elevation per unit area, and old and young 
populations per unit area. 

There are many factors that affect flooding. However, the two main factors are precipitation and underlying surface. The 
precipitation is determined by meteorological conditions. The precipitation characteristics including total precipitation, 
rainfall duration and intensity are the major factors causing hazard disaster; underlying factors including location, landform, 
vegetation, other environmental conditions and human activities are indirect hazard factors (Fan et al., 2008). 

The topographic factor is also a parameter or index that is meaningful for the study and expression of geomorphic features. 
Topography is closely related to the degree of flood risk. The influence of topography on flood formation is mainly 
manifested in two aspects: relative elevation and terrain slope. Therefore, this study uses relative elevation and slope as 
topographic indicators to reflect the severity of the mountain floods, and this study uses ArcGIS software to extract the 
distribution of geomorphic features in Hubei Province from DEM data. 

In the present study, based on the obtained data, the following parameters are selected as mountain flash flood hazard 
assessment indexes: precipitation, critical precipitation, water level, average gradient, relative elevation difference, river 
network density, and vegetation coverage. 

B. Vulnerability factors. 

The concept of vulnerability has been continuously widened and broadened towards a more comprehensive approach 
encompassing susceptibility, exposure, coping capacity and adaptive capacity, such as physical, social, economic, 
environmental and institutional vulnerability. Although a significant database was generated for the vulnerability parameters, 
only 8 of them were used. 

In this paper, the vulnerability assessment indexes are divided into two categories; one category is related to natural disasters, 
and the other is related to socio-economic indicators. Disaster-related indicators include the current flood prevention 
capability, direct economic loss caused by earlier floods, and number of deaths and missing people caused by earlier floods. 
Socio-economic indicators include the proportion of the agricultural areas, population density, and residential housing 
property values in flood-controlled areas, total agricultural output and local financial revenue. 

After obtaining the hazard and vulnerability, risk assessment is an easy task. According to the risk definition, risk can be 
determined by the following Eq., which is derived from Eq. (13). 
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R=0.8H+0.2 V (14) 

where R is the risk assessment of a mountain flood disaster, H is the hazard assessment of a mountain flood disaster, and V is 
the vulnerability assessment of a mountain flood disaster. 

4.3 Example 

Based on this database, we selected 10 towns in Hubei Province to describe the proposed method. First, the weight 
coefficient of the risk evaluation indexes was obtained by the entropy method with the data of hazard indexes and 
vulnerability indexes from 10 towns in Hubei Province, as shown in Tables 1 and 2; these towns were selected as the 
research object of the flash flood disaster regions. 


Table 1 


Hazard index data of 10 towns 


Town 

Precipitation 

(mm) 

Critical 

rainfall 

(mm) 

Water 

level(m) 

Average 
gradient)) 

Relative 

height 

difference(m) 

River network 
density 
(km/km 2 ) 

Vegetation 

coverage 

(%) 

Longgang Town 

84.66 

126.90 

1.84 

18.18 

431 

0.88 

80.41 

Xiangkou County 

61.01 

72.90 

0.88 

28.56 

610 

0.86 

95.28 

Fengxi County 

122.44 

75.94 

0.41 

39.22 

1619 

0.62 

93.31 

Leizu Town 

204.39 

193.60 

1.36 

32.43 

679 

0.54 

95.22 

Wantan Town 

105.63 

178.10 

34.19 

20.80 

1312 

0.58 

98.43 

Chebu Town 

105.88 

217.25 

-0.29 

3.32 

33.00 

0.51 

76.97 

Sanli County 

84.33 

125.75 

1.29 

19.17 

719.00 

0.54 

95.25 

Qingtaiping Town 

98.46 

124.08 

-3.57 

23.23 

982.00 

0.49 

95.89 

Shadaogou Town 

115.84 

132.21 

-0.05 

32.23 

1193.00 

0.59 

94.84 

Rongmei Town 

136.18 

150.00 

1.64 

30.33 

1205.00 

0.58 

97.39 


Table 2 

Vulnerability index data of 10 towns 


Town 

Current 

flood 

preventio 

n 

capability 

(year) 

Proportion 

of 

agricultura 

1 area (%) 

Population 

density 

(people/km2) 

Direct 
economic 
loss by 
historical 
flash 
floods 
(10,000 
RMB) 

Deaths 

and 

missing in 
historical 
flash 
floods 
(people) 

Residential 
housing 
property in 
prevention 
area (10,000 
RMB) 

Total 

agricult 

ural 

output 

(tons) 

Local 

financial 

revenue 

(10,000 

RMB) 

Longgang 

Town 

1.02 

0.18 

301.61 

120000 

7 

12.59 

31069.86 

4890.50 

Xiangkou 

County 

2.89 

0.02 

53.28 

39966 

11 

21.78 

14990.80 

1374.00 

Fengxi 

County 

2.91 

0.04 

29.48 

2000 

16 

11.24 

18062.50 

2375.00 

Leizu 

Town 

7.15 

0.07 

70.81 

3100 

5 

28.56 

17153.29 

16714.29 

Wantan 

Town 

3.99 

0.09 

53.82 

2497 

45 

180.63 

17441.71 

4157.14 

Chebu 

Town 

3.14 

0.24 

299.34 

4950.00 

0 

11.79 

27450.33 

17193.50 

Sanli 

County 

5.80 

0.26 

254.61 

159.00 

2 

43.21 

38012.70 

15926.00 

Qingtaipin 
g Town 

31.99 

0.14 

144.64 

8000.00 

8 

62.42 

26683.83 

4519.92 

Shadaogou 

Town 

3.04 

0.07 

101.33 

303.00 

0 

25.89 

24048.00 

3232.00 

Rongmei 

Town 

16.32 

0.08 

133.95 

112.00 

0 

40.36 

19733.57 

30286.29 
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In the process of gray clustering, the hazard and vulnerability assessments were divided into five classifications of standard 
risk level: I-grade, II-grade. III-grade, IV-grade and V-grade. These grades represents very high risk, high risk, moderate risk, 
low risk and very low risk levels, respectively, as shown in Table 3. 


Table 3 

Risk level standards 


Evaluation indexes 

I- 

grade 

II-grade 

Ill-grade 

IV-grade 

V- 

grade 


Precipitation (mm) 

<10 

10-70 

70-00 

100-150 

>150 


Critical precipitation (mm) 

>171.2 

149.8-171.2 

128.5-149.8 

107.1-128.5 

<107.1 


Water level (m) 

<-1.4 

-1.4--0.5 

-0.5-0.1 

0.1-1.4 

>1.4 

Hazard 

Average gradient (°) 

<5 

5-10 

10-30 

30-50 

>50 


Relative height difference (m) 

<100 

100-200 

200-500 

500-1000 

>2000 


River network density (km/km 2 ) 

<0.5 

0.5-0.7 

0.7-0.9 

0.9-2 

>2 


Vegetation coverage (%) 

>95 

80-95 

60-80 

40-60 

<40 


Current flood prevention capability 
(year) 

>100 

10-100 

5-10 

2-5 

<2 


Proportion of agricultural area (%) 

<0.2 

0.2-0.3 

0.3-0.5 

0.5-0.8 

>0.8 


Population density (people/km2) 

0-150 

150-300 

300-420 

420-500 

>500 

Vulnerability 

Direct economic loss by historical 
flash floods (10,000 RMB) 

<100 

100-200 

200-300 

300-1000 

>1000 

Deaths and missing in historical flash 
floods (people) 

<2 

2-5 

5-10 

10-30 

>30 


Residential housing property in 
prevention area (10,000 RMB) 

<10.2 

10.2-16.1 

16.1-51.2 

51.2-80.46 

>80.46 


Total agricultural output (tons) 

<10000 

10000-20000 

20000-30000 

30000-50000 

>50000 


Local financial revenue (10,000 RMB) 

<3000 

3000-5000 

5000-10000 

10000-20000 

>20000 


Based on the categorization above (Table 3), the exponential whitening function for every index was determined. For 
example, the exponential whitening functions for precipitation belonging to grades I, II, III, IV and V are established as 
follows: 



x—10 

x—70 

o 

o 

*€[0,10] 

e 10 xe[0,10] 

e 70 xe[0,70] 

\e 100 xe[ 0,100] 

H = ' 

1 xe(10,70] / 3 = • 

1 xe(70,100] f = ■ 

1 xe(l00,150] 

*e(10,+oo) 

10—x 

H 

1 

O 

o 

Ui 

o 

1 

X 


e 70 xe(70,+°o) 

[e 100 *e(100,+oo) 

[e 150 *e(150,+oo) 


f 5 = jc-125 
125 


*e(150,+oo) 

*€[0,150] 


Based on the Hubei Province data in Tables 1 and 2, flash flood disaster risks in Hubei Province were evaluated according to 
Eq.s (8)-(12), as shown in Table 4. 
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Table 4 

Risk evaluation results 


Town 

Entropy-improved gray clustering 

Longgang Town 

III 

Xiangkou County 

IV 

Fengxi County 

V 

Leizu Town 

IV 

Wantan Town 

II 

Chebu Town 

I 

Sanli County 

IV 

Qingtaiping Town 

III 

Shadaogou Town 

V 

Rongmei Town 

IV 


V. Results and discussion 

As an example, we calculated the degrees of risk for 10 towns in Hubei Province to compare the improved gray clustering 
method with the traditional gray clustering method (Liu, 2010) and fuzzy number-gray clustering method, as shown in Table 
5. 


Table 5 

Comparison of the results from three methods 


Town 

Improved gray clustering 

Traditional gray clustering 

Fuzzynumber-gray clustering 

Longgang Town 

III 

III 

III 

Xiangkou County 

IV 

IV 

IV 

Fengxi County 

V 

V 

V 

Leizu Town 

IV 

V 

IV 

Wantan Town 

II 

I 

II 

Chebu Town 

I 

I 

I 

Sanli County 

IV 

IV 

IV 

Qingtaiping Town 

III 

IV 

III 

Shadaogou Town 

V 

IV 

V 

Rongmei Town 

IV 

IV 

IV 


Using these three methods, the risk evaluation of mountain flood disaster areas in 10 towns across 10 counties is provided in 
Table 5. It can be seen from Table 5 that the results of the evaluation of four towns are slightly different by using the 
traditional gray clustering method, compared to the other two methods. This is because the range of the linear whitening 
function is too narrow in the traditional gray clustering method, and when the distribution of the monitoring value is discrete, 
it loses a considerable amount of useful information; for example, this is true for Leizu Town and Wantan Town. For all 
these towns, the entropy-improved gray clustering method produces risk levels that are more consistent with the actual 
counts of deaths and missing people as well as the direct economic loss in historical flash floods. It can be seen that the 
improved gray clustering method makes full use of the limited information available, more effectively reflecting the risk 
level of the region. The results show that the improved evaluation method produces results that are more objective and 
accurate. 

Additionally, the Fuzzy number-gray clustering analysis and evaluation method is also used to calculate the results. The 
results of these two methods are analyzed, as shown in Table 5. The results in Table 5 show that the results of the two 
evaluation methods are both consistent with the actual disaster loss documented. The results show that the calculation results 
based on the improved gray clustering method can reflect the degree of the mountain flood risk more effectively and have 
high reliability in the field of flood disaster risk assessment and zonation. 
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It can be seen from Table 5 that the two methods produce identical risk levels for 10 towns in flash flood regions. The 
resultant risk levels of all towns basically agree with the actual number of deaths and missing people and the direct economic 
loss in historical flash floods. Although the number of deaths and missing people in historical flash floods in Shadaogou 
Town and Rongmei Town is 9, the precipitation, critical precipitation and current flood prevention capacity are weaker than 
other towns, significantly influencing their risk levels. In other words, the above evaluation results are reasonable and 
reliable for risk zonation. 

In this paper, a grid-based flash flood risk zonation of Hubei Province was accomplished by using hydrometeorology, 
landform and socioeconomic characteristics data and the spatial data extraction, sampling, interpolation and analysis 
functions in ArcGIS. The distribution of risk grading was obtained from the risk grades of 1436 towns and counties in Hubei 
Province. Furthermore, a flash flood risk zonation map of Hubei Province was compiled (Fig. 3) 



Fig. 3. Flash flood risk zonation of Hubei Province 

Furthermore, with the same method, we produced the maps of hazard and vulnerability across Hubei Province to 
investigate their spatial distribution, as shown in Fig. 4 and Fig. 5, respectively. The flash flood risk map 
identified the areas of the highest risk and the areas highly vulnerable to flash flood. 



Fig. 4. Flash flood hazard zonation of Hubei Province 
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Fig. 5. Flash flood vulnerability zonation of Hubei Province 

VI. Conclusions 

In the risk assessment of mountain floods in Hubei Province, the villages and towns are taken as the evaluation 
units in the study area, and the geometric calculation function is used to calculate the area proportion of different 
risk grades in ArcGIS, as shown in Table 6. 


Table 6 

Area proportion of different risk grades 


risk grade 

area (km 2 ) 

area proportion ( % ) 

Very low 

43880.75 

23.23% 

low 

16089.42 

8.52% 

medium 

60416.60 

31.98% 

high 

36401.06 

19.27% 

Very high 

32123.65 

17.00% 


Based on the hazard map in Fig. 4, some of the southeastern regions (such as Luotian County, Xishui County, Tuanfeng 
County, Daye City, Tongcheng County, and Tongshan County), western regions (such as Yunxi County, Yun County, 
Danjiangkou City, Gucheng County, Enshi and other areas) and northern regions (such as Zaoyang City and Suizhou 
County) of Hubei Province pose the highest degree of flash flood hazard. 

However, based on the hazard map in Fig. 5, some of the southern regions (such as Zhijiang City, Yidu City, Songzi City and 
Wujiagang District), northern regions (such as Laohekou City and Danjiangkou City) and eastern regions (such as Anlu City, 
Huangpi District, Xinzhou District, Huarong District and Jingshan County) of Hubei Province are most vulnerable to flash 
flood. 

Based on the risk map that considers both the hazard and the vulnerability, shown in Fig. 3, Zouma Town, Sha Road Town, 
Five Peak Town, Xintang County, Flower County and 209 other towns and counties are exposed to the highest flash flood 
risk level in Hubei Province. Among the highest risk areas, Ma Zhen occupies the largest area, 1417.61 km 2 , and accounts for 
4.5% of the total very high-risk area. 

Among 1436 towns and counties in Hubei Province, 196 towns are exposed to the low and very low flash flood risk. Juwan 
Town has the highest proportion of area in the low and very low flash flood risk. There are 407 towns, such as Tianjia Town, 
with a moderate flash flood risk, 624 towns with a high flash flood risk, and 209 towns with a very high flash flood risk. 

The method presented in this paper improves the traditional gray clustering method with the following changes: constructing 
an exponential whitening function, effectively overcoming the shortcomings of the traditional gray clustering method that 
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considers the defects between only adjacent grades in the linear whitening function, broadening the coverage of the 
whitening function and greatly improving the utilization of the available information. Additionally, the entropy-based 
method for determining the clustering weight can avoid subjective influences, such as the AHP method, and produce more 
reasonable and objective weights and evaluations. Lastly, this research is useful for identifying the regions that are threatened 
by the highest risk and can be easily applied to flash flood zonation for disaster assessments. 

In this paper, the issues of the existing gray clustering method are analyzed. To overcome the shortcoming of the existing 
gray clustering method and the method for determining weights, an improved gray clustering method that includes entropy is 
proposed. This improved method is used in a case study. The improved gray clustering method makes better use of 
characteristic information from a research database, and, compared to other methods, the improved gray clustering calculates 
risk levels of evaluation units more accurately and quickly. The results demonstrate that this method is simple and feasible, 
and the result is reasonable and accurate. It is reasonable to apply this method to the risk assessment and zonation of 
mountain flash floods and other disasters. 

The results show that the improved approach is useful in rapidly assessing flash flood hazard and vulnerability as well as the 
risk assessment in mountain areas and could be adopted, with appropriate modification, elsewhere in areas with flash 
flooding. 

Flood disaster risk assessment is very important for disaster prevention, decision-making and management, since reasonable 
planning and management in flood-prone areas not only reduces the flash floods loss and guarantees the safety of human 
lives in hilly areas but also provides disaster risk precaution information for local residents and promotes the sustained and 
stable development of a social economy. Flood disaster risk assessment helps to quickly determine the prevention level and 
complete reinforcement measured in dangerous areas, to greatly reduce the workload and to improve work efficiency, which 
is important to promote flash flood relief work. 
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